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We present the first experimental evidence of an intriguing phase transition between distinct topo-
logical states in the novel type-II Weyl semimetal MoTe2. We observe anomalies in Raman phonon
frequencies and linewidths as well as electronic quasielastic peaks around 70 K, which together with
structural, thermodynamic measurements and electron-phonon coupling (EPC) calculation demon-
strate a temperature-induced transition between two topological phases previously identified by
contrasting spectroscopic measurements. Analysis of experimental data suggests electron-phonon
coupling as the main driving mechanism for the change of key topological characters in the electronic
structure of MoTe2. We also find the phase transition sensitive to sample conditions distinguished
by synthesis methods. These discoveries of temperature and material condition dependent topolog-
ical phase evolution and transition in MoTe2 advance fundamental understanding of the underlying
physics and enable an effective approach to tuning Weyl semimetal states for technological applica-
tions.
PACS numbers: 63.20.Kr, 74.62.Bf, 71.90.+q, 78.30.-j
Recent years have seen the dramatic rise of a new
class of quantum materials whose electronic states ex-
hibit symmetry protected topological orders [1, 2]. Such
electronic states are insensitive to local decoherence pro-
cesses, thus offering great promise for constructing quan-
tum computing and high-speed electronic and spintron-
ics devices. Distinct topological states, such as topolog-
ical insulators, Dirac semimetals, and type-I and type-II
Weyl semimetals, have been theoretically [1–8] proposed
and experimentally [9–18] realized in real materials. A
central task in this research field is to unravel the mate-
rial and environment (e.g., pressure, temperature, etc.)
conditions conducive to the existence of topologically or-
dered phases. To this end, it is essential to be able to
induce and control the phase transition that allows an
effective manipulation of the unique properties of the
topological states. Significant progress has been made
in understanding transitions between topologically triv-
ial and nontrivial states. Recent theoretical studies have
shown that strain [19, 20], phonon [21, 22] and/or dis-
order [23] can induce topological phase transitions that
greatly influence electronic states and properties. For
instance, when a topological transition occurs, topologi-
cal surface states dramatically change [8–13], greatly im-
pacting the novel transport behaviors [15–18, 24], and
phonon modes strongly coupled to electrons may also be-
have anomalously [25, 26]. A recent experiment revealed
that a structural transition can act as a switch of the
topological phase transition [27]. Meanwhile, however,
transitions between distinct topologically ordered states
have remained largely unexplored, especially on the ex-
perimental front.
Molybdenum ditelluride (MoTe2), a type-II Weyl
semimetal (WSM) [19, 20, 28], offers an excellent plat-
form to probe distinct topological phases and possi-
ble transitions among them. MoTe2 has three struc-
tural phases: 2H (hexagonal, space group P63/mmc),
1T’ (monoclinic, P21/m) and Td (orthorhombic, Pnm21)
[29]. Topological surface states have been observed in Td-
MoTe2 at low temperatures [30–35]. Angle-resolved pho-
toemission (ARPES) measurements [33] suggested that
MoTe2 specimen grown by a flux method harbors an elec-
tronic structure containing four Weyl points (WPs), and
this conclusion was supported by electronic band calcula-
tions [20]. On the other hand, contrasting ARPES exper-
iments [34, 35] observed eight WPs in MoTe2 grown by a
chemical vapor transport method, and the results are also
supported by calculations [19, 35]. The diverging theo-
retical results likely stem from using the different lattice
constants measured at different temperatures [19, 20],
while the variation of the experimental results suggests
that the nature of the topological states are highly sen-
sitive to sample conditions. These results imply that a
topological phase transition may occur in MoTe2 [19, 20],
but experimental evidence is still lacking. The objective
of our present work is to seek and establish clear experi-
mental signatures of the transition between distinct Weyl
semimetal phases, thus unifying the seemingly inconsis-
2tent ARPES results and resolving the nature of the topo-
logical states in MoTe2, which is crucial to understanding
fundamental physics of these novel topological quantum
materials and their exotic properties, such as topological
superconductivity [36–43].
In this work, we examine the topological states in
MoTe2 by performing Raman scattering, structural and
thermodynamic measurements on crystals grown us-
ing different synthesis methods (The crystal-growth and
measurement methods can be found in Supplemental Ma-
terial [44]). Our results reveal that several phonon modes
show strong EPC effects. The frequencies, widths and q
factors of these phonon modes exhibit clear anomalies
at ∼ 70 K in MoTe2 crystals grown by a flux method
(hereafter referred to as Flux MoTe2), but, surprisingly,
not in the crystals grown by a chemical vapor transport
method (CVT MoTe2). The intensities of the low fre-
quency quasielastic peak (QEP), originating from the
electronic Raman response, also show a minimum at 70
K in flux MoTe2 but not in CVT MoTe2. These anoma-
lies are further corroborated by our transport measure-
ments. All these observations together with EPC calcu-
lation establish a clear case of sample dependent topolog-
ical characters of the electronic structure and an intrigu-
ing phase transition in flux MoTe2 between distinct Weyl
semimetal states. Raman scattering results together with
x-ray diffraction (XRD), transport, specific heat data
and EPC calculation consistently demonstrate that the
transition is an electronic/topological phase transition
driven by the strong EPC effect. These results lead to a
phase diagram that helps distinguish different topologi-
cal ground states of MoTe2 under different material and
temperature conditions.
Low-temperature Td-MoTe2 hosts 33 Raman modes,
among which 17 modes visible on the ab plane have been
well assigned [45–48]. Here we focus on the modes with
stronger intensities. These modes can be divided into two
groups: those with symmetric peak profiles (Fig. 1(a)
and 1(b)), and others with asymmetric profiles (Fig. 1(g)
and 1(h)). The temperature evolution of the 2A1 and
2A2
modes, which are the vibrations dominated by Te atoms
along the b and a axes respectively [45], is shown in Fig.
1(a) and 1(b). In Fig. 1 (c)-(f), we show the temperature
dependence of their frequencies and linewidths extracted
by a Lorentzian fitting (an example of fitting is shown in
Supplemental Material, Fig. S1 [44]).
The 2A1 mode exhibits an unusual softening in fre-
quency and broadening in width with decreasing temper-
ature (Fig. 1(c) and 1(d)). This is in stark contrast to
the normal hardening and narrowing of the 2A2 mode
related to the anharmonic phonon coupling [49] (Fig.
1(e) and 1(f)), and can be attributed to the EPC (see
the Supplemental Material, Sec. III and Sec. X [44]).
Consistently, the anomalous broadening in linewidth can
be also well understood within the EPC picture (Fig.
1(d)). In the EPC theory [50], the real part of the self-
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FIG. 1: (Color online) Anomalies in phonon Raman spec-
tra. (a), (b), (g) and (h) Temperature evolution of the
2A1,
2 A2,
5 A2 and
10A1 modes in Flux MoTe2 and CVT
MoTe2. (c)-(f), (i)-(n) Temperature dependence of peak po-
sitions, linewidths and asymmetry factor q of these phonon
modes.
energy represents the frequency shift and the imaginary
part gives the phonon broadening due to its interaction
with the electronic continuum. Both parts are driven
toward constant values by the Fermi-Dirac distribution
function approaching zero temperature, as seen in CVT
MoTe2 (Fig. 1(c) and 1(d)). Surprisingly, the flux MoTe2
follows a softening tendency at higher temperatures but
upon cooling exhibits a dramatic upturn at Tt ∼ 70 K
(Fig. 1(c) and 1(d)). This anomalous behavior clearly
signals changes in the underlying phonon or electronic
structures.
The temperature evolution of the asymmetric 5A2 and
10A1 modes is presented in Fig. 1(g) and 1(h). In the
phonon softening picture, this asymmetry reflects the
EPC described by the Fano formula [50]. The param-
eters by Fano fitting and their temperature dependence
are summarized in Fig. 1(i)-(n) (The fitting details are
shown in Supplemental Material, Fig. S1 [44]).
For the 5A2 and
10A1 modes, the anomalies in
linewidth and 1/|q| at ∼ 70 K can be clearly seen in flux
MoTe2 but not in CVT MoTe2. The anomalies unam-
biguously point to a phase transition in flux MoTe2. In
other words, flux MoTe2 and CVT MoTe2 share the same
phase at high temperatures, but fall into different phases
below 70 K. The observation that there is no anomaly
in the lattice constant and/or specific heat at the tran-
sition temperature (Fig. 3(c)) suggests that this phase
transition is not driven by structural changes (see below
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FIG. 2: (Color online) Anomalies in quasielastic peaks at
low wavenumbers. (a), (b) Low-frequency quasielastic peaks
at various temperatures in Flux MoTe2 and CVT MoTe2.
(c) Temperature dependence of the normalized intensities of
quasielastic peaks. Black lines in (c) are fitted using the ex-
ponential functions (I = I0 + I1e
−T
τ where I0, I1, τ are pa-
rameters.). The phonons below 15 cm-1 are shear mode[46]
with A1 symmetry. So the intensities are strongly affected by
the angle between the polarization of the incident light and
the crystallographic axis. The shear mode shows different
intensities in (a) and (b) for the different angles.
for further discussions). We have repeated Raman scat-
tering measurements on different batches of crystals, and
the results show perfect repeatability (see Supplemental
Material, Fig. S3 [44]).
The phase transition at 70 K is further evidenced by
electronic Raman response (ERS), which is an inelastic
light scattering process by band electrons and includes
the influence of low-energy single-particle excitations and
high-energy collective plasmon excitations. The trans-
ferred energies in this process would be very small if
the involved photons and band electrons have small mo-
menta and small Fermi velocities, respectively. In such
a case, electronic Raman scattering manifests itself as a
quasielastic peak (QEP) [51]. The low-energy QEPs can
be clearly seen in both the flux and CVT MoTe2 samples
(Fig.2(a) and 2(b)). However, the temperature depen-
dences of QEPs are very different for the two samples.
In CVT MoTe2, the QEP intensity monotonously de-
clines with decreasing temperature and smoothly passes
through the transition temperature; meanwhile, the QEP
in flux MoTe2 exhibits a clear minimum at Tt ≈ 70 K.
This difference suggests two distinct phases at low tem-
peratures for the two samples, in agreement with the find-
ings from the phonon spectra. And the anomaly in QEP
points to a phase transition of the electronic states since
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FIG. 3: (Color online) Nearly identical structural parameters
in two samples. (a), (b) XRD patterns at various temper-
atures in Flux MoTe2 and CVT MoTe2. (c) Temperature
dependence of lattice constant c. (d) Relative differences of c
between two samples at various temperatures, which remain
less than 0.05% at all temperatures. The broad peaks at low
temperatures marked by * in (a) and (b) are instrumental
signals (see Supplemental Material, Fig. S6 [44]).
QEP is contributed purely by electrons. This assessment
is further supported by our transport measurements. We
extracted electronic concentration ne and the mobilities
of both electrons and holes from the two-carrier model
analysis of magneto-resistivity ρxx and Hall resistivity
ρxy. The results show a sharp upturn below 70 K in Flux
MoTe2 but smoothly evolve with temperature in CVT
MoTe2 (Supplemental Material, Fig. S4 [44]). This ob-
servation confirms the phase transition of the electronic
states in Flux MoTe2.
To assess the origin of the phase transition, we further
performed XRD measurements on the two samples. The
XRD patterns at various temperatures are shown in Fig.
3(a) and 3(b). The preferred-orientation effect of layered
materials makes the (00L) peaks much stronger than oth-
ers. The extracted lattice constants (Fig. 3(c)) indicate
that MoTe2 shows a negative thermal expansion along
the c axis, in agreement with previous studies [35]. The
lattice constant c has a smooth temperature evolution
and tends to be saturated below 100 K. This result sup-
ports the conclusion that the softening of the 2A1 mode
and the anomalies around Tt are not related to any struc-
tural change. The relative difference of c between the two
samples is negligibly small at less than 0.05% at all tem-
peratures (Fig. 3(d)). Thus, we can conclude that the
phase transition at 70 K in flux MoTe2 is an electronic
phase transition rather than a structural one, which is
corroborated by the absence of any anomaly around Tt
in specific heat of flux MoTe2 (Supplemental Material,
Fig. S2 [44]). All these results point to the conclusion
that an electronic topological phase transition occurs in
flux MoTe2 but not in CVT MoTe2.
4To further characterize the material dependence of the
topological phase transition in MoTe2, we have measured
the resistivity as a function of temperature from 2.5 K
to 300 K on two batches of MoTe2 crystals, two syn-
thesized using the flux method and two using the CVT
method (Fig. 4(a) and Supplemental Material, Fig. S5
[44]). Remarkably, the residual resistivity ratio (RRR),
defined as the ratio of resistivity values at room tem-
perature (300 K) and in the low-temperature limit , of
flux MoTe2 is an order of magnitude larger than that
of CVT MoTe2. Such a large disparity in RRR, also
reported in previous studies [30, 31, 36–39, 52, 53], im-
plies some degree of disorder or inhomogeneity in CVT
MoTe2. From our sample- and temperature-dependent
data, we have constructed a phase diagram in the T-RRR
phase space for the two topological phases (Fig. 4(b)),
containing eight and four WPs, respectively, which have
been observed in separate ARPES measurements in the
MoTe2 crystals grown by CVT and flux methods [30–
35]. Our Raman data are consistent with the ARPES
observations as illustrated in the T-RRR phase diagram,
where the phase at higher temperatures is in one topo-
logical state (TP I, 8-WP), while the phase in the high-
RRR and low-temperature region is in another topolog-
ical state (TP II, 4-WP). Our results show that upon
cooling the high-RRR flux MoTe2 sample undergoes a
transition from the TP I to TP II Weyl semimetal state;
meanwhile, the low-RRR CVT MoTe2 sample remains in
the TP I state throughout the entire temperature range.
These results explain the previously reported divergent
topological characters observed in different MoTe2 crys-
tals [19, 20, 33–36]. The sample-sensitive temperature-
induced transition highlights the material (RRR) and en-
vironment (temperature) dependence of the topological
state in MoTe2. Further studies are required to map out
the full phase boundary between the TP I and TP II
states; one may also establish phase diagrams in other
material and environment parameter spaces.
The key topological character of a Weyl semimetal is
the nodal structure of its electronic bands, where the
two-fold degenerate bands cross with a linear disper-
sion. The number and distribution of such Weyl points
(WPs) define the topological properties crucial to funda-
mental understanding and practical applications of these
novel materials. The WPs in MoTe2 are generally di-
vided into two groups, namely W1 WPs that are closely
positioned in the momentum space and W2 WPs that
are well separated. It was shown theoretically that a
strain of 0.1% along the a axis of MoTe2 can tune the
appearance of W1 WPs [20]. According to the temper-
ature dependence of the lattice constant a, a tempera-
ture change over 70 K (from 0 K to Tt) would induce
a strain over 0.1% in MoTe2 [35], making a topological
phase transition induced by the thermal expansion plau-
sible. Our experiments show, however, that the lattice
constants of flux MoTe2 and CVT MoTe2 remain very
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FIG. 4: (Color online) R-T curves and T-RRR phase dia-
gram. (a) R-T curves of a Flux MoTe2 and a CVT MoTe2.
(b) Temperature-RRR phase diagram of MoTe2. In the low-
RRR region, the star symbols denote the data points taken on
two CVT MoTe2 samples at the lowest temperature (Tmin=5
K) in our measurements, where no signs of a temperature-
induced phase transition have been detected. In the high-
RRR region, the sphere symbols denote the transition tem-
peratures (Tt) given by the phonon Raman spectra obtained
on two flux MoTe2 samples. The Insets in (b) are schematic
band structures in the two topological phases [19, 20].
close (less than 0.05% difference) in the entire studied
temperature range, yet the transition only occurs in the
flux samples. This result rules out the change in lat-
tice constant as the origin of the observed topological
phase transition. Meanwhile, temperature influence on
EF may trigger a Lifshitz transition. However, it has
been shown that a temperature change from 0 K to Tt
(70 K) is too small to bring about an observable modi-
fication in EF sufficient to drive a topological transition
in MoTe2 [52], while the change in the ratio between the
hole and electron densities (nh/ne) near Tt [39, 52] may
reflect the reconstruction of Fermi surface induced by the
topological transition. Finally, a strong EPC in MoTe2
has been revealed in our experiments. The EPC can si-
multaneously alter the phononic energy and lifetime and
the electronic structure. A topological transition induced
by EPC has been theoretically studied [21, 22]. In our
paper, we also made the EPC calculation (see details in
Supplemental Material [44], Sec. X), which shows that
the EPC contribution to the electronic self-energy gener-
ally increases with temperature because of the fast rising
in the phonon occupation number, and the EPC induced
changes in the electronic structure could close the small
gap between two bands, which eventually cross and form
W1WPs, causing a topological phase transition from one
phase (TP II) hosting four WPs to another phase (TP
I) containing eight WPs. When the topological phase
transition occurs, the phonon linewidth reverses as well.
This behavior can serve as a good indicator of electronic
band inversions [26], thus explaining the anomaly of the
linewidths of the 2A1 mode observed in MoTe2.
Our results indicate a transition of the topological
5ground state from the TP I phase with eight WPs at
temperatures above 70 K to the TP II phase with four
WPs at lower temperatures in the high-RRR flux MoTe2
crystals. Meanwhile, the low-RRR CVT MoTe2 remains
in the TP I phase in the entire temperature region from
300 K down to 5 K, which is lower than in recent ARPES
experiments (10 and 6-20 K) [34, 35]. This suggests
that disorder may have caused substantial changes in the
topological ground state of CVT MoTe2 by modifying the
electronic self-energies [23]. It indicates that the EPC
in CVT MoTe2 is significantly overcome by the disorder
effect and can no longer induce a topological phase tran-
sition (TP II to TP I) as observed in flux MoTe2. These
contrasting results raise important questions about fun-
damental interactions in MoTe2.
We have shown Raman, structural and transport mea-
surements that demonstrate a temperature-induced elec-
tronic transition in flux MoTe2 and the EPC calcula-
tion indicates this transition is a topological phase tran-
sition between distinct Weyl semimetal states. These
results, combined with our and existing ARPES data,
identify a topological ground-state transition from a TP
I phase hosting eight WPs at temperatures above 70 K
to a TP II phase containing four WPs at lower temper-
atures. Our study also shows that MoTe2 crystals ob-
tained by a chemical vapor transport method remains
in the TP I phase down to 5 K without any sign of a
phase transition. Based on these findings, we have con-
structed a temperature-RRR phase diagram that recon-
ciles the divergent views on the topological characters of
the electronic structure of MoTe2. The present results
have broad implications for major topological properties
such as the surface Fermi arc structures and transport
behaviors; they also raise fundamental questions on the
roles of key physical processes and material conditions
in determining the properties of topological materials.
Our experiments and calculation suggest strong EPC in
MoTe2 as the driving mechanism for the observed topo-
logical phase transition, highlighting a major influence of
EPC effects in topological materials. Our results also in-
dicate that disorder may have a significant role in imped-
ing a topological phase transition in CVT MoTe2. These
insights advance and enrich fundamental understanding
of Weyl semimetals and pave the way for further research
to unveil new physics in this class of novel materials.
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